Myelinating Schwann cells (SCs) are highly plastic cells that are able to dedifferentiate and re-enter the cell cycle. However, the molecular signals controlling dedifferentiation are not completely understood. Because a connection between mitogenic signaling and myelin loss has been suggested, we investigated the role of cAMP, a strong inducer of the myelinating phenotype, and mitogenic factors activating receptor tyrosine kinases (RTKs) on SC dedifferentiation. We herein provide evidence indicating that cAMP was required to not only initiate but also maintain a state of differentiation because SCs rapidly dedifferentiated and became competent to resume proliferation upon the removal of cAMP stimulation. Surprisingly, isolated SCs could undergo multiple cycles of differentiation and dedifferentiation upon cAMP addition and removal, respectively, in the absence of mitogenic factors and without entering the cell cycle. Conversely, the activation of RTKs and the extracellular signal-regulated kinase (ERK) cascade by a variety of growth factors, including neuregulin, was not sufficient to initiate dedifferentiation in the presence of cAMP. Importantly, a reduction of cAMP triggered dedifferentiation through a mechanism that required c-Jun NH2-terminal kinase (JNK), rather than ERK, activity and an induction of the expression of c-Jun, a transcriptional inhibitor of myelination. In summary, the reversible transition from an undifferentiated to a myelinating state was dependent on cAMP but independent of RTK signaling and cell cycle progression, further indicating that dedifferentiation and proliferation are uncoupled and differentially regulated events in SCs.
The process of cellular dedifferentiation, in which a partially or terminally differentiated cell reverts to an earlier developmental stage to acquire self-renewal capability, usually occurs as part of a regenerative process. One of the most compelling examples of this type of cellular plasticity in vertebrate animals is shown during the regeneration of complex structures such as limbs, tail and spinal cord in urodele amphibians (1, 2) . In contrast to other vertebrates, which show a much more restricted capacity for regeneration, urodeles respond to injury by forming a mesenchymal growth zone or blastema that largely derives from the dedifferentiation of various cell types, including skeletal muscle, Schwann cells and cartilage.
For reasons that are not yet understood, most adult mammalian cell types lack this high degree of plasticity (3) . One exception are myelinating Schwann cells (SCs) of peripheral nerves, which are post-mitotic cells that show the ability to dedifferentiate, re-enter the cell cycle and re-differentiate during adulthood, all features that are prominently observed after nerve injury (4) . Dedifferentiated SCs facilitate axonal growth into the injured area and ultimately they promote nerve repair by ensheathing and re-myelinating regenerated axons. Even though the cellular mechanisms that underlie peripheral nerve regeneration are well understood, little is known about the molecular basis of adult mammalian SC plasticity. Recent evidence has suggested that intracellular pathways involved in SC dedifferentiation overlap at least partially with those involved in proliferation because the activation of the neuregulin receptor ErbB2 (5, 6) , the ERK cascade (7) and the transcription factors c-Jun (8) and Notch (9) , have been linked to the initiation of myelin loss. It is well established that ErbB2 activation is required for SC mitogenesis initiated by neuregulin, a component of the mitogenic signal of dorsal root ganglion (DRG) axons (10) , and there is evidence indicating that SCs require ERK activation, c-Jun and Notch for cell cycle progression in developing nerves (9) and in response to neuregulin and adenosine (11) (12) (13) . Even though SCs of the distal nerve stumps lose their myelin and start proliferating shortly after injury, the question remains as to whether these processes are initiated by common or independent signaling events.
In this study, we used SCs growing in the absence of neurons as a simple in vitro system to investigate the connection between mitogenic signaling, cell cycle re-entry, and dedifferentiation. More specifically, we sought to investigate the role of cAMP, a key instructive signal for SC differentiation into a myelinating phenotype (14) , and polypeptide growth factors activating receptor tyrosine kinase (RTK) signaling on the reversal of the differentiated state. Overall, our data supports the concept that dedifferentiation and cell cycle reentry are differentially and independently controlled and even though they can occur one after another, they are not necessarily functionally coupled cellular events.
Experimental Procedures
Materials-Non-selective cell permeable cAMP analogs N 6 2'-O-Dibutyryladenosine-3', 5'-cyclic monophosphate (db-cAMP) and 8-(4-Chlorophenylthio) adenosine-3', 5'-cyclic monophosphate (CPT-cAMP) were from Biolog (US distributor, Axxora LLC, San Diego, CA). Recombinant heregulin-β1 177-244 , a soluble peptide consisting of the EGF homology domain of 1-heregulin (hereafter referred to as "neuregulin") was from Genentech (South San Francisco, CA). Recombinant purified platelet-derived growth factor-BB (PDGF-BB), insulin-like growth factor-1 (IGF-1) and fibroblast growth factor-2 (FGF-2) were from R&D Systems (Minneapolis, MN). Defined fetal bovine serum (FBS) was from HyClone (Logan, UT). Forskolin, cholera toxin, phorbol myristate acetate (PMA), cycloheximide, actinomycin D and antibodies against cyclic nucleotide phosphor-hydrolase (CNPase) were from Sigma (St. Louis, MO). S100, ErbB2 and glial fibrillar acidic protein (GFAP) antibodies were from DAKO (Carpinteria, CA). Myelinassociated glycoprotein (MAG), protein zero (P 0 ), myelin basic protein (MBP) and peripheral myelin protein-22 (PMP22) antibodies were from Chemicon (Temecula, CA). Antibodies recognizing phosphorylated -Akt, -ERK, -ErbB2, -ErbB3, -Tyrosine and -protein kinase A (PKA) substrates were from Cell Signaling Tech (Beverly, MA). ErbB3 and c-Jun antibodies were from Santa Cruz Biotech (Santa Cruz, CA). Polyclonal antibodies against the proliferating cell nuclear antigen (PCNA) and minichromosome maintenance protein 2 (MCM2) were from Abcam (Cambridge, MA) and Bethyl Lab (Montgomery TX), respectively. U0126 was from Promega Corp (WI, USA) and SP600125 (anthra [1,9- cd]pyrazol-6(2H)-one) from Biomol (Plymouth Meeting, PA). All other protein kinase inhibitors were from Calbiochem-Novabiochem Corp. (La Jolla, CA). Bromodeoxy-uridine (BrdU) antibody and DNAase were from the BrdU detection kit, Amersham (Piscataway, NJ). [ 3 H]-thymidine (6.7 Ci/mmol) and Solvable TM were from Perkin-Elmer (Boston, MA). Thy 1.1 and p75 NGFR hybridoma cells were from American Type Culture Collection (ATCC, Manassas, VA). O1 and O4 hybridoma cells were provided by Dr. Schachner. Krox-20 antibodies were provided by Dr. Meijer. The expression vectors pCEV29-MEKEE and pCDNAIII-HA-ERK2 were provided by Dr. JS.
Gutkind.
Primary cultures of adult and postnatal Schwann cells -Rat SCs were prepared from adult sciatic nerves by a modification of a previously reported method (15) . Nerve segments were explanted in non-coated dishes containing DMEM-10% heat inactivated FBS and sequentially transplanted to new dishes (2-3 times) to facilitate myelin removal and cell recovery after nerve tissue dissociation. Ten days after, nerve explants were dissociated with 0.25% dispase and 0.05% collagenase and the cells were plated on a poly-Llysine substrate (PLL; 200 µg/ml). After 1 week in culture, contaminating fibroblasts were removed by a complement reaction using Thy 1.1 antibodies (30 min incubation followed by rabbit complement). The purified SCs were subsequently plated in PLL-coated 10 cm dishes and allowed to grow in expansion medium consisting of DMEM-10% FBS supplemented with 2 µM forskolin, 20 µg/ml bovine pituitary extract (Biomedical Tech., Stoughton, MA), and 10 nM neuregulin. All experiments were performed using SCs from passage 2 to 4 (2-8 population doublings) routinely cultured on PLL-laminin coated dishes. Cultured adult SCs prepared following this procedure are competent to form myelin upon axonal contact both in vitro (15) and in vivo (16) .
SCs from postnatal day 1 rat sciatic nerves were established by a modification of a standard method (17) . Briefly, nerve tissue was dissociated by incubation with 0.1% collagenase and then with 0.25% trypsin. The resulting cell suspensions were plated and purified of contaminating fibroblasts by including 10 µM cytosine arabinoside in the culture medium (DMEM-10% FBS) for 3 d. Subsequent steps were identical to those described for adult SCs. Purified adult and post-natal cultures consisted of >98% SCs based on immunostaining with anti-S100, a specific SC marker.
Transduction with lentiviral vectors and transient transfections-Established SC cultures were transduced at an early passage with a lentiviral vector encoding the green fluorescent protein (GFP) gene under the control of the cytomegalovirus promoter. The efficiency of GFP expression at 3 days (d) after transduction was >99%. Importantly, we confirmed that the expression of GFP did not alter the dynamics of SC proliferation, differentiation and dedifferentiation.
SCs, treated and non-treated with cAMP for 2 d, were transfected for 3 h in serum-free DMEM containing 0.3 µg of total plasmid DNA/condition together with the Lipofectamine Plus Reagent (Life Technologies, Inc.), according to the protocol suggested by the manufacturer. The percentage of transfected SCs was 20-30% based on GFP fluorescence from the expression vector pMAX-GFP (Amaxa Biosystems), which was routinely used as a positive control to estimate transfection efficiency and to make the total amount of transfected DNA equivalent in all conditions.
Cell proliferation assaysFor experimentation, adult rat SCs were plated on PLL-laminin-coated 24-well dishes (50 000-70 000 cells/well) in DMEM containing 10% FBS. One day after plating, the medium was changed to HEPES-buffered DMEM containing 1% FBS (non-proliferating medium) and the cells were subjected to experimentation as described in the figure legends and text. SCs return to quiescence after removal of the mitogenic stimulus (i.e. neuregulin and forskolin) for 2 d and the inclusion of 1% FBS in the culture medium, which was nonmitogenic for SCs, served to prevent the loss of cells by apoptosis as a consequence of serum and mitogen withdrawal (11) . Importantly, adult SCs could be maintained for prolonged periods of time (at least 2 weeks) in non-proliferating medium if medium was frequently replaced (e.g. every 4 d) (18) . The incorporation of [ 3 H]-thymidine or the thymidine analog BrdU into nuclear DNA was assayed as a measure of S-phase entry, as described previously (18) . Briefly, cells were exposed to medium containing [ 3 H]-thymidine (0.25 Ci/well) or BrdU (1 M) under the conditions described in the figure legends. The analogs were present throughout the incubation period. Cultures were assayed in triplicate samples in each experimental condition. Unless otherwise noted, mitogenic concentrations of growth factors were used for all stimulation experiments (10 nM neuregulin, 20 ng/ml PDGF-BB, 50 ng/ml IGF-1, 20 ng/ml FGF-2 and 10% FBS). PMA was used at 200 ng/ml. In some experiments, a mitogenic concentration of the adenylyl cyclase activator forskolin (2 M) was used to enhance neuregulinand serum-induced SC proliferation, and thereby achieve a maximal mitogenic response (18) . The incorporated tritium (liquid scintillation counting) or BrdU (immunofluorescence microscopy) was determined 2-3 d after the initial stimulation, as indicated. For BrdU incorporation, the cells were fixed sequentially with 4% paraformaldehyde and -20C methanol or alternatively with -20C methanol alone, and blocked with 5% NGS for 30 min. Cells were treated for 30 min with a 50% solution of DNAase in the presence of anti-BrdU (1:300) and then incubated with Alexa594-conjugated secondary antibodies (Molecular Probes, Eugene, OR).
Antibodies recognizing MCM2 and PCNA, which label the nucleus of cells throughout the G1 and S phases of the cell cycle, were used as markers to identify proliferating cells (19, 20) by immunofluorescence microscopy or western blot analysis. Only SCs exposed to growth factors or serum for at least 24 h labeled positive for nuclear MCM2 and PCNA expression, whereas SCs subjected to mitogen deprivation for 2-3 d were 98% negative for these markers.
Cell differentiation and dedifferentiation assays-SCs were induced to acquire a differentiated phenotype by exposure for 3-4 d to membrane permeable analogs of cAMP, as described previously (18) . Unless otherwise noted, the non-selective cAMP analog CPT-cAMP was used at 250 M for all stimulation experiments in medium which supports the long-term survival but not the proliferation of adult SCs. For dedifferentiation assays, cAMP-treated cells were subjected to additional treatments, as described for each experiment, and analyzed for the expression of markers for both myelinating and nonmyelinating SCs as well as changes in cell morphology (live GFP expression in lentivirally infected SCs) over a time period of up to 3 d. To study the effect of RTK signaling on SC dedifferentiation, mitogenic concentrations of growth factors or vehicle (control) were added directly to the conditioned medium of cAMPdifferentiated SCs and the cells were analyzed 3 d after as indicated in the figure legends. To induce SC dedifferentiation, the medium of cAMPdifferentiated SCs was replaced with fresh medium (DMEM-HEPES 1% FBS) without cAMPinducing agents. Three days after cAMP removal, the cells were analyzed as described above. In some experiments, a differentiating concentration of forskolin (20 M) was used to prevent SC dedifferentiation (18) . Importantly, the detection of cell proliferation and expression of phenotypic markers was done in parallel cultures subjected to identical experimental conditions. Cultures maintained from the outset in the absence of cAMP-inducing agents served as a control for undifferentiated cells.
Immunofluorescence microscopy-Cultures were fixed for 10 min with 4% paraformaldehyde in PBS and then for 5 min with -20C methanol. Cultures were blocked in 5% normal goat serum (NGS) in PBS, incubated overnight at 4C with the appropriate dilution of the primary antibody in 5% NGS-PBS (1:200) and then rinsed three times with PBS prior to incubation with Alexa-conjugated (594 or 488) secondary antibodies (1:400, 1 h, RT). Labeling of O1 and O4 antigens was done by incubating living cells with hybridoma culture supernatant (20 min, RT) before fixation. Cells were mounted with Vectashield containing the nuclear dye DAPI (Vector Labs, Burlingame, CA) and analyzed by conventional fluorescence microscopy. Black and white images from immunofluorescence microscopy were artificially colorized, digitally processed and arranged for presentation using Adobe Photoshop V7.0 and Adobe Illustrator CS3. For cell quantification analysis, pictures from random fields were taken at low magnification (10-20X) and the number of cells labeled positive for the different markers was determined in reference to the total number of cells (DAPI staining). Cells were classified as positive or negative for the expression of the different markers in reference to non-treated controls and disregarding the variability shown by individual cells. At least 500 cells were analyzed/condition.
The phosphorylation of PKA substrates in methanol-fixed cells was assessed by using an antibody that recognizes PKA-specific phosphomotifs ([RR] -x -[S*/T*]) in target proteins, as described previously (21) .
Western blots-Total cell lysates were prepared by resuspending the cells in a buffer consisting of 50 mM Tris, 150 mM NaCl, 1% SDS and 0.5 mM DTT along with protease inhibitors (1 mM PMSF, 20 µg/ml aprotinin and 20 µg/ml leupeptin) and phosphatase inhibitors (phosphatase cocktails I and II, Sigma). Protein lysates were combined with SDS sample buffer (400 mM Tris/HCl, pH 6.8, 10% SDS, 50% glycerol, 500 mM DTT, 2 g/ml bromophenol blue), followed by 10 min boiling. Equal protein samples were subjected to polyacrylamide gel electrophoresis under denaturing conditions (SDS-PAGE) and then transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA) by liquid transfer. Membranes were blocked with ECL blocking agent (Amersham Biosc., Piscataway, NJ) in TrisBuffer saline containing 0.05% Tween-20 (TBS-T) and incubated overnight with a 1:1000 dilution of each primary antibody. The membranes were washed 3 times with TBS-T prior to incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies, 1:5000 (Promega). Immunoreactive protein bands were detected by enhanced chemiluminescence using ECL Advanced or ECL Plus, depending on signal intensity, according to the manufacturer's instructions (Amersham). To determine the relative changes in the levels of expression of cell surface O1, SCs were labeled live by incubation with O1 antibodies and washed extensively before preparing the cell lysates as described above. O1 immunoglobulins were detected by enhanced chemiluminescence after incubating the membranes with anti-mouse-HRP. Whenever appropriate, the unchanged expression of ErbB3, a SC specific marker, is shown as a control of equal cellular protein loading. The total levels of ERK and Akt expression served as a control for the treatments inducing ERK and Akt phosphorylation, respectively.
RESULTS

cAMP-differentiated
SCs did not dedifferentiate when exposed to growth factors or serum. Besides the growth promoting effects of cAMP on growth factor-induced proliferation (11, 22, 23) , cAMP promotes cell growth arrest and differentiation when SCs are exposed to prolonged stimulation with high doses of cAMP-stimulating agents (14, 18, 24) . cAMP elevation induces the expression of markers typically associated with myelinating SCs, e.g. MAG and P 0 , and concomitantly decreases the expression of markers specific for the pre-or non-myelinating SC phenotype, e.g. p75
NGFR neurotrophin receptor and GFAP. It also induces a dramatic cell enlargement and the vacuolization of the cytoplasm (18) . In this study, we used SCs differentiated with cAMP (referred to as "differentiated" SCs) as a simplified system to investigate the connection between mitogenic signaling and dedifferentiation. Throughout these studies, we concluded that SCs had undergone dedifferentiation if we observed: 1. a decrease in the expression of myelin-related proteins and lipids, e.g. cell surface galactocerebroside (O1); 2. an increase in the expression of pre-myelinating SC markers, 3. the reversal of cAMP-induced morphological transformation, i.e. the re-acquisition of the characteristic spindle-shaped morphology of immature SCs, and 4. the release of cell growth arrest and/or the re-initiation of S-phase entry. Non-cAMP treated (non-differentiated) SCs, which exhibit an immature phenotype (i.e. they express low or undetectable levels of myelin-associated markers) and readily undergo proliferation in response to mitogens (18) , served as controls.
In a previous study (18) , we found that growth factors did not reduce the effect of cAMP on driving differentiation. Because available data suggested that key transducers of RTK signaling (e.g. ErbB and ERK) were involved in SC dedifferentiation, we first proceeded by testing whether neuregulin and other growth factors would promote the reversal of the differentiated characteristics once cells had fully differentiated. For this, SCs that had been differentiated with cAMP for 3 d were treated with growth factors and the expression of phenotypic markers was evaluated over a time period of up to 3 d after growth factor administration. We observed that treatment of cAMP-differentiated SCs with a soluble neuregulin peptide (EGF homology domain of 1-heregulin) that is sufficient to trigger the activation of the neuregulin co-receptor ErbB2-ErbB3 and SC proliferation (18) failed to revert the morphological transformation induced by cAMP or change the levels of expression of MAG and O1 ( Fig. 1A and 6D ), or p75 NGFR and GFAP ( Fig.1 C, lower panel), when exposed to neuregulin alone or neuregulin in combination with 10% FBS and forskolin, the most potent mitogenic cocktail known for SCs (15) . This clearly contrasts with the high proliferative potential displayed by non-cAMP treated SCs in response to this combination of mitogens ( Fig. 1C ) and further indicates that exposure to neuregulin alone or in combination with serum was not sufficient to overcome cAMP-induced differentiation or cell growth arrest.
The activation of RTK signaling in differentiated SCs was not sufficient to promote dedifferentiation. Growth factors activating RTKs exert biological effects through the stimulation of intracellular kinase cascades, including MEK-ERK and PI3-K-Akt (25) . In SCs, neuregulin-activated ERK and Akt signaling are both required for Sphase progression (11, 12, 26) . Because the possibility exists that differentiation would render SCs insensitive to mitogens, we next investigated whether differentiated SCs responded to growth factors by initiating signaling through ligandactivated RTKs. We therefore compared the activation of ERK and Akt in non-differentiated and differentiated SCs by detecting the activated forms of these kinases using phospho-specific antibodies. The results indicated that cAMPdifferentiated SCs responded to neuregulin, FBS and all the abovementioned growth factors by increasing the phosphorylation of ERK and Akt ( Fig. 2B-D) , confirming that SCs did not lose responsiveness to growth factors as a result of prolonged cAMP elevation and differentiation. In addition, the increased neuregulin-induced phosphorylation of ErbB2 and ErbB3 on key activating tyrosine residues ( Fig. 2A) further indicated that cAMP-differentiated SCs expressed functional neuregulin co-receptors. The levels of total ErbB2 and ErbB3 proteins were not significantly affected by prolonged treatment with cAMP analogs ( Fig. 2A) .
Time course studies revealed that the activation of ERK and Akt in response to neuregulin reached maximum levels shortly after (10 min) stimulation but remained activated for the following 4-8 h, regardless of the state of cellular differentiation (Fig .  2B ). As controls, representative micrographs of SC cultures immuno-labeled with anti-phospho-ERK are shown to denote that ERK phosphorylation was enhanced in all of the cells within the population, including vacuolated SCs (Fig. 2C ), confirming that highly differentiated SCs were sensitive to neuregulin stimulation.
Overall, these results confirmed that the activation of RTK signaling in differentiated SCs was insufficient to drive dedifferentiation and cell cycle progression in the presence of cAMP.
cAMP-induced SC differentiation and morphological transformation were reversible upon cAMP removal. One important question was whether prolonged treatment with cAMP analogs led to reversible or non-reversible SC differentiation. Because SCs require repeated additions of cAMP-stimulating agents to maintain high levels of expression of myelin-specific markers (18), we examined whether simply removing the cAMP-stimulating agents from the culture medium would promote dedifferentiation. We observed that with the exception of the predifferentiation marker O4 (cell surface sulfatide, Fig. 3A) , the expression of all the other myelinassociated markers tested was remarkably reduced 3 d after cAMP removal, and that this temporally coincided with the recovery of an elongated bipolar morphology and the re-acquisition of p75 NGFR and GFAP expression (Fig. 3A and C) . However, the expression of S100 (Fig. 3A) and ErbB3 (Fig. 3C) , which are SC-specific markers, was not apparently affected by cAMP addition and removal. A control for the effectiveness of cAMP treatment was demonstrated by the expression of intracellular phosphorylated PKA substrates (Fig.  3A, right) .
Live cell imaging of GFP-expressing SCs further revealed that the cells underwent a fast morphological transformation that coincided with the loss of the intracellular vacuoles within 24 h after the removal of the cAMP stimulus (Fig. 3B) , indicating that the development of vacuoles was also a reversible feature of cAMP-induced differentiation (18) . Importantly, different cell permeable analogs of cAMP, as well as agents that induce cAMP accumulation through different mechanisms, including forskolin and cholera toxin, effectively prevented SC dedifferentiation (Fig.  3D ). This result suggests that a decrease in intracellular cAMP concentration, but not the removal of an autocrine metabolite accumulated in the conditioned medium, was responsible for the maintenance of differentiation.
cAMP-induced cell growth arrest was reversible upon cAMP removal. We next analyzed whether SCs that had lost the expression of markers of differentiation recovered their ability to undergo proliferation. As shown in Fig. 3C , we observed that the levels of the G1-S markers MCM2 and PCNA did not change upon the removal of the cAMP stimulus, indicating that SCs dedifferentiated without transitioning into the G1 phase in the absence of growth factors. We then measured the incorporation of [ 3 H]-thymidine and BrdU to assay the proliferative response of dedifferentiated SCs (i.e. cells deprived of cAMPstimulating agents for 3 d) to growth factor stimulation. Results indicated that SCs deprived of cAMP, but not SCs maintained in cAMPcontaining medium for an equivalent period of time, recovered their ability to transition into the Sphase when exposed to growth factors (Fig. 4 , shown only for neuregulin), which suggests that cAMP-induced cell cycle arrest was reversible upon the removal of the cAMP stimulus and subsequent exposure to individual mitogens. By labeling proliferative nuclei with BrdU, we confirmed that cAMP removal allowed SCs to dedifferentiate without undergoing S-phase entry unless exposed to growth factors (Fig. 4B-C) . In addition, immunofluorescence detection of MCM2 and PCNA expression further confirmed that in the absence of growth factors SCs dedifferentiated without transitioning into the G1 phase (Fig. 4B-C) .
These results suggest that SC dedifferentiation was a pre-requisite for S-phase entry but growth factors were required for the transition into the G1 and subsequent phases of the cell cycle.
SCs could differentiate and dedifferentiate multiple times without entering the cell cycle. The results above suggested that SC differentiation and dedifferentiation were highly dependent on cAMP signals. Accordingly, SCs that had undergone one cycle of differentiation (cAMP administered for 3 d) followed by dedifferentiation (cAMP removed for 3 d) re-differentiated (e.g. re-acquired the expression of myelin-associated markers) after receiving a second administration of cAMP analogs (Fig. 5) . Live cell imaging of GFPexpressing SCs showed that a 3 d period of reexposure to cAMP analogs was required for SCs to regain morphological differentiation (Fig. 5A) . Time course studies confirmed that these morphological changes correlated with the induction of MAG and O1 expression (Fig. 5C ) and the concomitant decrease in p75 NGFR and GFAP expression (Fig. 5B) . Strikingly, SCs underwent at least 3 cycles of differentiation in non-proliferating medium if cAMP-stimulating agents were alternatively added to or removed from the culture medium on a 3 d schedule (Fig.  5C ). Because cAMP-stimulating agents were nonmitogenic when added in the absence of growth factors and serum (11), these results suggest that SCs re-differentiated without undergoing proliferation. In fact, the unchanged expression of proliferation markers confirmed the absence of cycling cells upon SC dedifferentiation and redifferentiation ( Fig. 4B-C and 5B), further indicating that SCs alternate between differentiated and undifferentiated phenotypes without transitioning into the G1 phase unless exposed to growth factors.
In summary, these results suggest that adult SCs are highly plastic in their response to cAMP and that the reduction of cAMP levels, but not signals emanating from activated RTKs, drives the withdrawal of the cells from the differentiated state.
SC dedifferentiation was an active process that required new transcription and translation.
Evidence has accumulated that the onset of dedifferentiation requires the activation of a specific transcriptional program (27) . To begin exploring whether SC dedifferentiation occurred through a passive or an active mechanism of action, SCs were deprived of cAMP analogs in the absence and presence of actinomycin D and cycloheximide, which are potent inhibitors of transcription and translation in eukaryotic cells, respectively. As shown in Fig. 6A , left, both of these inhibitors effectively prevented the loss of O1 expression and the recovery of a spindleshaped morphology after cAMP removal, indicating that new RNA and protein biosynthesis was required for the phenotypic reversal of cAMPinduced differentiation. As controls, we show that actinomycin D and cycloheximide effectively prevented the induction of O1 expression and the reduction of GFAP expression after cAMP administration (Fig. 6A, right) , suggesting that both differentiation and dedifferentiation require actively driven intracellular changes.
The presence and absence of cAMP signals, but not growth factor signaling, shifted the balance between early transcriptional promoters and inhibitors (c-Jun) of myelination. An emerging concept in the SC field (28) is that the maintenance of the myelinated state is determined by a cross-antagonistic relationship between Krox-20, a master transcriptional regulator of myelination (29) , and c-Jun, an inhibitor of myelination (8) . Whereas Krox-20 is required for differentiation, c-Jun is required for dedifferentiation (8) . Therefore, intracellular signaling cascades that decrease Krox-20 and/or increase c-Jun expression are expected to underlie the initiation of myelin loss and dedifferentiation (28) . How Krox-20 and c-Jun are regulated by extracellular signals during dedifferentiation is not completely understood. To begin understanding the molecular mechanism that controls differentiation and dedifferentiation by cAMP, we analyzed the changes in the expression of Krox-20 and c-Jun in SCs that were stimulated with and deprived of cAMP-stimulating agents, respectively. Results indicated that stimulation with cAMP was sufficient to rapidly (i.e. within 1 d) increase the expression of Krox-20 and concomitantly decrease the expression of c-Jun (Fig. 6B, upper panel) . Conversely, the levels of Krox-20 declined and the levels of c-Jun increased 1 to 2 d after cAMP deprivation (Fig. 6B, lower panel) . Altogether this indicates that persistent cAMP stimulation was required not only to initiate but also to maintain a high Krox-20/c-Jun ratio and therefore, a differentiated state. However, we did not detect changes in the ratio Krox-20/c-Jun when differentiated SCs were treated with different growth factors, including neuregulin, or with 10% FBS in the presence of cAMP (Fig. 6C, right  lanes) , which is consistent with growth factors lacking an effect in driving dedifferentiation (Fig.1) . Importantly, these results were validated using cultures of both adult and postnatal SCs (Fig.  6C and 7, Supplementary) . Growth factors also failed to change the expression of Krox-20 and cJun either when administered alone (Fig. 6C , left lanes) or concurrently with cAMP (Fig. 6,  Supplementary) , which explains why these were not sufficient to promote differentiation or antagonize the differentiating effects of cAMP (18) .
Evidence indicates that soluble neuregulin induces myelin loss without inducing axonal damage in vitro (30, 31) . To further test whether neuregulin would counterbalance the effect of cAMP on maintaining the state of differentiation, we stimulated differentiated SCs with increasing concentrations of neuregulin peptide (Fig. 6D) and also administered neuregulin in combination with serum and other growth factors (Fig. 6E) . The results indicated that concentrations of neuregulin ranging from 1 to 100 nM were not sufficient to reduce Krox-20 or enhance c-Jun expression (Fig.  6D) , consistent with results shown in Fig. 1 . Likewise, no apparent changes in the levels of expression of Krox-20 and c-Jun were observed when neuregulin was provided in combination with either 10 % FBS or purified PDGF, IGF and FGF (Fig. 6E) , ruling out a possible synergistic contribution of different growth factors to the initiation of dedifferentiation.
Cumulatively, these results suggest that the presence and absence of cAMP signals initiate SC differentiation and its reversal, respectively, by shifting the balance between early transcriptional promoters (Krox-20) and inhibitors (c-Jun) of myelination and that this occurs independently of RTK signaling initiated by neuregulin or other growth factors.
The activation of ERK by growth factors was not sufficient to drive dedifferentiation. A previous study showed that persistent and selective ERK activation reduced the expression of Krox-20 and other myelin markers as well as induced demyelination of axons in co-cultures of SCs and DRG neurons (7) . Therefore, we decided to explore other means to test whether ERK activation by growth factors was sufficient for dedifferentiation. Because growth factor-activated Akt, which displays pro-myelinating effects in SCs (26, 32) (Fig. 7A, left) . However, it failed to induce changes in the morphology of the cells (Fig.  7A, right) or the expression of markers of the myelinating and non-myelinating SC phenotype (Fig. 7A , right, shown only for O1). Even though PMA induced strong ERK activation in differentiated SCs (Fig. 7A, right) , it did not decrease Krox-20 or increase c-Jun expression (Fig. 7A, left) , suggesting that ERK activation was not sufficient to drive dedifferentiation when activated alone or concurrently with Akt.
Because phorbol esters, as well as growth factors such as neuregulin, are also strong activators of PKC (Fig. 7, Supplementary) , we did additional experiments to test whether ERK activation would induce dedifferentiation under conditions in which PKC and Akt activity were reduced. As a result, we stimulated ERK activation with neuregulin either in the absence or presence of pharmacological inhibitors of PKC (Gö6976 and Bisindolylmaleimide) and PI3K-Akt (LY294002). Results indicated that neuregulin-induced ERK activation failed to change the ratio of Krox-20/cJun and the expression of other myelin and nonmyelin markers under conditions in which both Akt and PKC activity were inhibited (Fig. 7B) . This excludes the possibility that the activation of Akt, alone or together with PKC, would prevent neuregulin/ERK-mediated dedifferentiation.
We also transfected cAMP-treated SCs, and undifferentiated SCs as a control, with an expression vector encoding a constitutively active form of MEK1 (MEKEE), either alone or together with ERK2 (33) . Consistent with published data (7), we observed that MEKEE overexpression decreased the expression of Krox-20 in differentiated SCs. Because the reduction of Krox-20 expression was not accompanied by an increase in the expression of c-Jun or other non-myelin genes (e.g. GFAP), we conclude that the selective activation of the ERK pathway may not be sufficient to drive all aspects of dedifferentiation.
The JNK-c-Jun pathway, rather than the MEK-ERK pathway, was required for SC dedifferentiation. Recent evidence has suggested that c-Jun is required for SC dedifferentiation. Conditional knock out of c-Jun in SCs delays myelin sheath degradation after injury while enforced expression of c-Jun inhibits myelination in vitro (8) . Because we observed that c-Jun expression was increased upon a reduction in intracellular cAMP, we next studied whether there was a differential requirement of JNK vs. MEK-ERK signaling on the initiation of dedifferentiation, as both of these mitogenactivated protein kinases (MAPKs) are known potential regulators of c-Jun expression and activity (34) . We then used SP600125 and U0126 to pharmacologically interfere with the activity of JNK (35) and MEK (36), respectively, in SCs induced to dedifferentiate by cAMP deprivation. Results indicated that in adult and post-natal SCs, pre-treatment with SP600125 effectively and dose dependently prevented the loss of O1 expression, the re-appearance of GFAP expression and the recovery of a spindle-shaped morphology after the removal of the cAMP stimulus ( Fig. 7D and 7,  Supplementary) . On the contrary, SCs that were deprived of cAMP in the presence of U0126 showed an enhanced expression of c-Jun along with markedly reduced levels of O1 and Krox-20 expression (Fig. 7D, left) , clearly indicating that dedifferentiation required JNK but not MEK-ERK activity. An important observation was that SP600125 prevented c-Jun expression and dedifferentiation without preventing the loss of Krox-20 induced by cAMP deprivation, further suggesting that a reduction of Krox-20 expression was not sufficient for dedifferentiation. As specificity controls, we show that SP600125, but not U0126, prevented the induction of c-Jun expression in a dose dependent manner and that U0126, but not SP600125, reduced the levels of ERK phosphorylation (Fig. 7D, left) . As an additional control for the specific involvement of JNK in dedifferentiation, we show that preincubation of SCs with SP600125 did not prevent the induction of Krox-20 or the reduction of c-Jun expression induced by cAMP treatment (Fig. 7E) , suggesting that JNK was required for the reversal but not for the initiation of differentiation by cAMP.
The non-requirement of MEK-ERK for dedifferentiation was confirmed by the observation that another broadly used MEK inhibitor, PD98059, did not prevent O1 loss after the removal of the cAMP stimulus (Fig. 7,  Supplementary) . We did not find evidence indicating that SCs undergoing dedifferentiation would express higher levels of phosphorylated ERK (Figs. 6B and 7D, left) or that the extent of ERK phosphorylation would correlate with increased c-Jun or reduced Krox-20 expression (Figs. 6B and E, and 7A-B).
In conclusion, these results suggest that JNK activity is specifically required for the induction of c-Jun expression in SCs deprived of cAMP stimulation, providing a basis for the requirement of JNK-c-Jun, rather than MEK-ERK, during the onset of dedifferentiation.
DISCUSSION
To better understand how dedifferentiation occurs, it is essential to determine the relationship between the loss of the differentiated characteristics and cell cycle re-entry, two events that usually occur together during the initial stages of regeneration (27) . In SCs, we found evidence indicating that proliferation was not required for, and therefore uncoupled to, the onset of dedifferentiation because the cells could undergo repeated cycles of differentiation and dedifferentiation in the absence of mitogenic factors and without entering the cell cycle. Even though we found no evidence indicating that RTK and MEK-ERK signaling could promote the transition into an immature state or initiate S-phase entry from the differentiated state, we found that not only the initiation but also the reversal of all aspects of differentiation was dependent on cAMP signals. We show that the reversible transition from a differentiated to an immature state relied on a simple ON/OFF switch controlled by cAMP because an increase of cAMP, which enhanced Krox-20 and reduced c-Jun, was sufficient to promote SC differentiation, whereas a decrease in cAMP, which increased c-Jun and reduced Krox-20, was sufficient to promote SC dedifferentiation. Noteworthy, dedifferentiation required an active signal that was dependent not only on a reduction of intracellular cAMP but also on JNK, rather than MEK-ERK, activity, whereas the initiation of differentiation required cAMP but not JNK activity.
Two main observations from our studies were that a reduction of cAMP was sufficient to reverse all aspects of differentiation and that cAMP presence/absence allowed SCs to shift between alternating differentiated and immature phenotypes, respectively, independently of growth factors and serum. An early study showed that SCs lost galactocerebroside expression when deprived of cAMP-stimulating agents in the presence of serum (24) . We herein show that SCs not only lose galactocerebroside expression but also the expression of a variety of myelin markers, even in the absence of mitogens and serum, and that this occurs concurrently with the re-acquisition of markers of the immature state, a bipolar morphology and proliferative capacity, all features indicating the full reversal of the differentiated state. We also show that cAMP addition and removal, but not stimulation with growth factors, induces rapid and persistent changes in the levels of Krox-20 and c-Jun, thereby explaining why cAMP, but not growth factors, exerts a prodifferentiating activity in SCs (18) and dedifferentiation occurs after the lowering of cAMP but not growth factor stimulation.
The identification of extracellular signals that drive dedifferentiation, as well as the associated intracellular pathways involved, may render important clues on how this process could be controlled (2) . However, little is known about the factors responsible for the initiation of dedifferentiation and how this process is regulated by signaling cascades. We have identified that in SCs, a reduction of cAMP levels drives dedifferentiation at least in part by enhancing the expression of c-Jun in a JNK-dependent manner. JNK is a crucial enhancer of c-Jun expression and activation (37) and it has been shown in other cell types that cAMP elevation decreases JNK activity (38, 39) . Along with the changes in the expression of c-Jun, a rapid reduction of Krox-20 expression preceded the onset of dedifferentiation. Surprisingly, we found that SCs would not dedifferentiate under conditions that prevented an increase in c-Jun despite the loss of Krox-20, suggesting that Krox-20 and c-Jun expression are regulated through a different mechanism of action during dedifferentiation and that a reduction of Krox-20 expression is not sufficient for dedifferentiation without an increase in c-Jun. Indeed, further investigation is required to better understand the molecular signals controlling c-Jun and Krox-20 expression and activation during dedifferentiation.
The collective data from the present study strongly supports the concept that physiological activators of ERK, such as neuregulin-ErbB, are not sufficient to counteract the pro-differentiating effects of cAMP and therefore drive dedifferentiation, which we found to be essentially independent of MEK-ERK activity. This is consistent with our previous study showing that mitogens did not prevent the initiation of differentiation by cAMP (18) . However, it is an unexpected observation when compared to data shown by others (7, 32) and thus opens the possibility that neuregulin and ERK initiate myelin breakdown through a mechanism not connected to the upregulation of c-Jun during dedifferentiation. To confirm our results, we activated ERK by different stimuli, from a variety of growth factors that are effective mitogens for SCs to tumor promoters, and experiments were performed using cultures of adult and postnatal SCs. In addition, we explored possible dose-dependent effects of the growth factors and provided controls that demonstrate the effectiveness of the treatments activating ERK in differentiated SCs. Moreover, we tested the effect of growth factors when given alone and in combination to address possible synergistic effects and also the possibility that a counterbalancing effect of growth factor-activated Akt and PKC would prevent the action of ERK on dedifferentiation. We also expressed an activated form of MEK to selectively activate ERK in SCs and found that this was not sufficient to drive all aspects of dedifferentiation. Most importantly, the inactivation of ERK with different MEK inhibitors provided no indication that MEK-ERK was required for the induction of c-Jun and dedifferentiation under our experimental conditions. This was further supported by the observation that a signal that triggers dedifferentiation, i.e. cAMP removal, did not activate ERK and that no correlation could be established between the magnitude of the ERK signal and dedifferentiation, including expected changes in the levels of Krox-20 and c-Jun.
However, we cannot rule out a role of ERK in SC dedifferentiation. Because the ERK signal might differ considerably according to the type of stimulus, the involvement of ERK might be context specific, as shown for the induction of dedifferentiation by M. leprae infection (6) . In a previous study (7), a high and persistent activation of the ERK pathway was induced by overexpressing an oncogenic form of Ras or a tamoxifen inducible form of Raf. It is highly likely that the potency and kinetics of the induced ERK signal may simply not compare with that of physiological activators of ERK. The high degree of complexity in the regulation of the Raf/MEK/ERK module provides a basis for the involvement of ERK in highly diverse and occasionally contradictory cellular responses (40) . Changes in the intensity and the duration of ERK activation can significantly alter cell fate (41) . Indeed, the expression of activated Ras or Raf promotes cell growth arrest in SCs (7, 42) , which clearly contrasts with the effects of growth factors which use the Ras-ERK pathway as one, but not the only, signaling route that leads to the G1-S transition (11, 26) . In this sense, caution should be taken when comparing the effects of oncogenic vs. mitogenic ERK signaling and one should consider that other pathways activated by Ras or Raf may account for the dedifferentiating effect. Because we found that JNK, which is closely related to ERK, was required for dedifferentiation, the possibility exists that at least some of the effects seen on dedifferentiation were due to JNK rather than ERK, and/or to an effect of Ras-ERK crosstalking with the JNK pathway, as components of the ERK cascade may activate JNK and/or directly increase c-Jun expression (34) .
Even though neuregulin and RTK signaling had no apparent effects on SC differentiation/dedifferentiation, our results indicated that they had a crucial role on cell cycle re-entry in SCs that had lost their differentiated characteristics, because these cells would remain quiescent for a prolonged period of time if not stimulated with growth factors. In addition, our results support the idea that the loss of a differentiated phenotype was a pre-requisite for growth factor-initiated S-phase entry and that these two processes were not only independent from one another but also controlled by a different mechanism of action. This is in agreement with evidence showing the independence between Sphase re-entry and fragmentation of urodele myofibers (43) as well as with experiments on mice exhibiting a targeted disruption of cyclin D1, a G1 cyclin required for SC proliferation (23) , which showed that distal SC proliferation was not required for demyelination (44) , ensheathment or the subsequent re-myelination of regenerating axons (45) .
Because of the differentiating effects of cAMP on cultured SCs, it has been suggested that cAMP controls myelination (14) and that this is mediated by PKA (46) . However, more direct evidence was provided recently with the discovery of a novel G-protein coupled receptor that is required for SC myelination in zebrafish and that it does so in a cAMP-dependent manner (47) . We can therefore speculate that dedifferentiation and/or myelin loss may simply result from a reduction of cAMP in SCs, as those observed after injury (48) . In support of this, we show that a reduction of intracellular cAMP is sufficient to trigger a dedifferentiating signal that directly impinges on the early transcriptional control of myelin gene expression. However, further investigation is required to test this interesting possibility in models of peripheral nerve injury.
The ability of SCs to dedifferentiate is crucial for the successful regeneration of the peripheral nervous system. SCs display an extraordinary degree of plasticity in their response to injury and were shown to re-myelinate axons even in a series of nine repeated nerve crushes (49) . Importantly, the autologous transplantation of SCs aimed at nervous tissue repair would not be feasible if SCs did not retain dedifferentiating capacity during adulthood (50). It is not clear why only certain somatic cell types in adult mammals can revert to an immature state that is proliferation competent whereas most cell types cannot. Thus, the plasticity displayed by SCs renders them an excellent system for the identification of novel pathways that control cellular differentiation and its reversal with intended applications in cell reprogramming for regenerative biology and medicine. Experimental conditions were identical to the ones described in Fig. 1 (legend) with the exception that stimulation with growth factors was done for 30 min (A, C and D) or the times indicated in the figure (B) . In all experiments, the response of non-differentiated SCs was compared to that of differentiated SCs, as indicated. The activation of ErbB2, ErbB3, ERK and Akt was determined by using specific antibodies recognizing the phosphorylated forms of ErbB2 (Tyr-1248), ErbB3 (Tyr-1289), ERK1/2 (Tyr-204) and Akt (Ser-473), respectively. ErbB phosphorylation was also confirmed by using total anti-phospho tyrosine antibodies (PTyr). In B and D, the controls (C) were non-mitogen treated cells. For the differentiated SC group, cAMPstimulating agents were maintained throughout the course of the experiments. Scale bars, 10 m. Conditions were as in A with the exception that SCs were lentivirally infected to express GFP and medium containing vehicle (-cAMP, upper panels in B) or fresh CPT-cAMP (+cAMP, lower panels) was used for replacement. Cells were analyzed by immunofluorescence microscopy (B, GFP live fluorescence) and western blot (C) at 1, 2 and 3 d after medium replacement. Note that differentiated SCs lose their reticulate appearance, indicative of the presence of intracellular vacuoles, and decrease their size shortly after cAMP removal, rendering cells that exhibit multiple processes (B, arrowhead). D. cAMP-stimulating agents prevent SC dedifferentiation. SCs were treated and analyzed as in A, with the exception that db-cAMP (1 mM), Forskolin (20 M) and Cholera toxin (100 ng/ml) were included in the medium used for replacement. Black bars, presence of cAMP for 3 d; grey bars, absence of cAMP for 3 d. In B, the length of the bars is proportional to the incubation time period. DAPI was used to stain the cell nuclei (blue). Scale bars, 50 m. Effect of the MEK inhibitor PD98059 on adult SC dedifferentiation Activation of PKC by neuregulin in adult SCs Serum and mitogen-deprived cultures of postnatal rat SCs were treated with CPT-cAMP as described for adult SCs. Three days after cAMP administration, the medium was supplemented with fresh cAMP (+cAMP) alone or in combination with the indicated mitogens, as described in Fig.1 (legend) . Alternatively, cAMP was removed (-cAMP), either in the absence or presence of SP600125 (5 μM) and U0126 (10 μM), and cell were analyzed 3 d after as described in Fig. 7 (legend) . Representative pictures of SC cultures immuno-stained for the O1 antigen are shown.
FIGURE LEGENDS
Cultures of adult SCs (undifferentiated) were stimulated for the indicated time points with neuregulin (10 nM), as described in Fig. 2 (legend) . The activation of PKC (P-PKC) was assessed by western blot using phospho-antibodies recognizing a broad spectrum of activated PKC isoforms. The temporal profile of ERK and Akt activation is shown as a control for the effectiveness of the neuregulin treatment.
Experimental conditions were identical to those described in Fig. 7 (legend) with the exception that the MEK inhibitor PD98059 was added to the culture medium at the time of cAMP re-addition (+cAMP) or removal (-cAMP). Three days after treatment with the inhibitor, the cells were fixed and immuno-stained for O1. A quantification of the number of cells expressing O1 is shown. 
